Taq DNA polymerases in which the phenylalanine is substituted by a tyrosine at position 667 (Taq F667Y) 
INTRODUCTION
Direct sequencing of DNA amplified by the polymerase chain reaction (PCR) is being used increasingly in large-scale sequencing projects and in scanning specific regions for polymorphisms and mutations (1) (2) (3) 8) . Among the available sequencing chemistries, cycle-sequencing with thermostable DNA polymerases and dye-labeled dideoxy chain terminators is the most versatile because it eliminates the need for specially modified sequencing primers, since the PCR primers can also be used as sequencing primers (6, 8) . It is also the simplest sequencing chemistry because only one sequencing reaction is needed for each DNA sample.
Recently, a major improvement in this sequencing chemistry has come from the development of mutant Taq DNA polymerases where a phenylalanine residue in the active site has been replaced by a tyrosine (F667Y) (7) . Like bacteriophage T7 DNA polymerase, these mutant TaqDNA polymerases incorporate chain-terminating dideoxyribonucleoside triphosphates (ddNTPs) into DNA much more efficiently than wild-type TaqDNA polymerase (7) . This property greatly improves the quality of the sequencing data obtained with this chemistry and reduces the amount of ddNTPs required for each sequencing reaction (5, 7) . Although improved incorporation of ddNTPs into DNA during cycle sequencing using dye-labeled sequencing primers results in nearly uniform peak heights in a sequencing trace (5), this is not the case when dye-labeled ddNTPs are used in the cycle sequencing reactions. While the rate of dye-terminator incorporation is more efficient when a mutant TaqDNA polymerase is used, the peak pattern is still uneven and different from that produced by the wildtype enzyme. Uneven peak heights can decrease the accuracy of base-calling and make mutation and polymorphism detection more difficult. The ability to predict peak heights in a given local sequence context can help to compensate for these drawbacks.
Analysis of the sequencing traces in cycle sequencing using the wild-type enzyme and dye-terminators has revealed sequence context-dependent trends in patterns of dye-terminator incorporation as well as a number of reproducible artifacts (4) . Knowledge of these trends and artifacts has increased the accuracy and confidence in identifying polymorphisms and mutations in a sequencing trace and in editing sequences obtained using this chemistry. To increase the accuracy of sequence analysis with the new mutant TaqDNA polymerase (F667Y), we have analyzed the trends and reproducibility of dyeterminator incorporation in sequencing traces produced by one member of this new family of polymerases, AmpliTaq ® DNA Polymerase, FS. These results are compared to the patterns previously established for dye-terminator incorporation with the wild-type enzyme (4).
MATERIALS AND METHODS

PCR Amplification and Purification of PCR Products
Human genomic DNA (16 ng) from individuals with known genotype were amplified in 40-µ L reactions, gel-purified and eluted into 50 µ L of water as previously described in detail (2, 4) . The purified DNA was used as sequencing template without further characterization. a The 3 ′ base is in bold type. b Mean peak height followed by standard deviation. c The proportion of cases for a particular window where the 3 ′ base has a peak height of ≤ 1/3 of full scale ( ≤ 10 mm, designated as "small"). d The proportion of cases for a particular window where the 3 ′ base has a peak height of 1/3-2/3 of full scale (10-20 mm, designated as "average"). e The proportion of cases for a particular window where the 3 ′ base has a peak height of ≥ 2/3 of full scale ( ≥ 20 mm, designated as "large"). 
Taq-FS Cycle-Sequencing Using Dye-Labeled Terminators
Analysis of Sequencing Traces
Homozygous individuals containing each of the alternative alleles for 33 different polymorphic sequence-tagged sites (pSTSs: 66 sequencing traces altogether) were sequenced using the Taq-FS enzyme. These traces represent all of the possible three-base windows (64 in total) where the middle base in the window is the only variant base in each pair of sequences. In addition, 20 control sequencing traces, produced using the Taq-FS dye-terminator chemistry, were also analyzed to extend and confirm these trends observed in the allelic pairs of sequencing traces to provide a significantly larger sample of each of the three-base windows. Control sequencing traces were normalized by reanalyzing 3600 data points of the sequencing read using the ABI 373A Analysis Software to produce identical spacing between the traces. To ensure that there was as much uniformity as possible, measurements were taken only from the middle portion (bases 100-200) of the trace. This strategy avoids potential problems that could arise by comparing the weaker peaks toward the end of the sequencing run to the stronger peaks at the beginning of the sequencing run. For each of the 64 possible three-base windows, the base most 3 ′ in each window was measured in the context of the two bases 5 ′ to it. When a 3 ′ -base peak was found to be equal to or less than 1/3 of full scale, it was defined as a "small" peak. Similarly, when a 3 ′ -base peak was found to be equal to or greater than 2/3 of full scale, it was defined as a "large" peak. When a 3 ′ -base peak was found to be between 1/3 to 2/3 of full scale, it was defined as an "average" peak. For example, if the full height of the analyzed sequencing traces was 30 mm, the "small" peaks measured 10 mm or less in height, "large" peaks measured 20 mm or more in height and average peaks ranged between 10 and 20 mm. Taq -FS cycle sequencing using dye-labeled dideoxy chain terminators. (A) The G peak following G is large, the T peak following TG is large, the T peak following T is small, the C peak following GA is average, the T peak following AC is average and the C peak following CT is large. (B) The G peak following CA is small, the A peak following AG is large, the G peak following AC is small, the G peak following G is large and the G peak after TA is small.
RESULTS AND DISCUSSION
Trends in Dye-Terminator Incorporation by Taq-FS
Analysis of all three-base windows within the polymorphic STSs (64 windows altogether) revealed several trends that were confirmed by analyzing similar three-base windows (>30 independent observations of each window) in 20 control sequencing traces. First, the peak patterns produced with Taq-FS were highly reproducible and predictable in specific sequence contexts. In cases where the two homozygotes of a substitution polymorphism were analyzed (see Table 1 for specific examples), we found that the only affected peak height in these three-base windows was the base immediately 3 ′ to the substituted nucleotide. Second, only a small number of bases 5 ′ to a particular base significantly influenced its peak height. For example, among the 64 three-base windows, 31 (48%) consistently showed small, average or large peak heights for the 3 ′ base. In fact, 12 of these 31 cases were represented by NGA, NGG or NTT (see Table 1 ). In cases where base-strings of NGA or NGG were found, the 3 ′ base was consistently "large" (>2/3 full scale in height, see Figure 1 ). In the base-string of NTT, the 3 ′ base was Research Repo r ts found to be consistently "small" (<1/3 full scale in height, see Figure 1A ). In each of these instances, knowing only one base immediately 5 ′ to a particular base was sufficient to predict its peak height. Several other reproducible trends in the pattern of dye-terminator incorporation by Taq-FS were also apparent. In three-base strings of AAG, CAG, TAG, CAA, TAA, ACG, GCG, TCG or ACA, the 3 ′ base was found to be consistently "small". In strings of ACT, GCT, TCT, AAC, GAC, TAC or TGC, the 3 ′ base was consistently "average" in size (1/3 to 2/3 of full scale). For base-strings of CTC, TTC and TGT, the 3 ′ base was consistently "large". See Figure 1 for selected examples of these trends.
It is interesting to note that we did not find any consistent sequencing artifacts in sequencing traces produced by Taq-FS. In a significant number of cases, however, small C peaks were found under the T peaks in AT strings (90%, Figure 2A ), small T peaks were found under the A peak in GA strings (75%, Figure 2B ) and small C peaks were found under the T peak in GT strings (90%, Figure 2B ) even in high-quality sequencing traces.
When the peak patterns produced by Taq-FS were compared to those obtained using the wild-type enzyme, AmpliTaq, the majority (ca. 80%) of the three-base windows showed patterns (explained below) that differed considerably depending on which enzyme was used in the sequence analysis.
I. Peak patterns that are similar using Taq-FS and AmpliTaq. There are eight 3-base strings that give similar peak patterns with both enzymes. The NTT, CAA and TAA windows all result in small peaks at the 3 ′ base with either enzyme, while the windows CTC and TTC result in large 3 ′ C peaks ( Table 2) .
II. Peak patterns that are different but predictable with both enzymes. Two 3-base strings, namely, ACA and TCT, give different but predictable 3 ′ -peak heights for each enzyme. In sequencing traces produced with AmpliTaq, one finds large 3 ′ A and 3 ′ T peaks, whereas in Taq-FS sequencing traces one finds small 3 ′ A and average 3 ′ T peaks for ACA and TCT, respectively (Table 2) .
III. Peak patterns predictable with Taq-FS but not with AmpliTaq. Eighteen 3-base strings are predictable when Taq-FS is used, but are variable when the wild-type enzyme is used. For example, in Taq-FS sequencing traces, the 3 ′ base peak is consistently small with base strings AAG, CAG, TAG, ACG, GCG and TCG; large with NGA, NGG and TGT; and average with AAC, ACT and GCT. These 3-base strings produce no consistent patterns in sequencing traces generated by AmpliTaq (Table 2) .
IV. Peak patterns variable with Taq-FS but predictable with AmpliTaq. Fourteen 3-base strings have predictable peak heights for the 3 ′ base in sequencing traces generated with AmpliTaq. These include NGC, AAA, GAA, ATA and GTA (always small); GCA, TCA, ACC, GCC, ATC and TAT (always large). However, there were no consistent trends when Taq-FS was used ( Table 2) .
Polymorphism/Mutation Detection by Taq-FS Sequencing
In sequencing pSTSs with the wildtype enzyme, we previously found that changes in the peak heights of bases immediately 3 ′ to polymorphic bases were useful in providing additional criteria for identifying heterozygous bases in a sequencing trace (2, 4) . In the current study, we have found that the trends in 3 ′ bases can be used to predict which heterozygous base combinations may be missed by existing base-calling software when Taq-FS sequencing chemistry is used. An example of this 698BioTechniques
Vol. 21, No. 4 (1996) situation is shown in Figure 3 . In Figure 3A , the window CTC shows the characteristically large 3 ′ C peak. In Figure 3B , the allelic CTT window shows the characteristically small 3 ′ T peak. When a heterozygote C/T is present at the 3 ′ base (Figure 3C ), the C peak at the polymorphic site is about one-half the size of the C peak in the homozygous CTC window and the Tpeak at this location is about one-half the size of that in the homozygous CTT. Because of the large disparity in peak heights for these two bases, one could predict that this would be a difficult combination for the base-calling program to recognize in the heterozygote. Indeed, the base-calling software assigned a "C" for the polymorphic base in the heterozygote instead of an "N" ( Figure 3C ). Although Taq-FS incorporates dyeterminators much more efficiently than does the wild-type enzyme, the patterns produced by this improved DNA polymerase are still quite variable. As our results show, the pattern of dye-terminator incorporation in many instances is highly reproducible and dependent on the local sequence context. For example, ddGTP is incorporated much slower than average by Taq-FS when it is following an A base. This leads to the production of a very small G peak following an A peak. Conversely, ddGTP is incorporated much faster than average when it follows another G peak, therefore producing a very large G peak.
By examining sequences of PCR products (STSs) containing more than 80 single base-pair substitutions, we have identified several general trends among the variable peak heights produced by Taq-FS cycle sequencing using dye-labeled terminators. Our analysis reveals that, in 12 out of the possible 64 three-base windows, the peak height of the 3 ′ base could be accurately predicted by knowing only the base immediately 5 ′ to the base in question (NGA, NGG and NTT, see Table 1 ). In addition, in 19 out of the remaining 52 three-base combinations, the peak height of the 3 ′ base can be predicted by knowing the 2 bases immediately 5 ′ to it. In short, in almost half of the cases (48%), one can predict the peak height of a base just by knowing the 2 bases immediately 5 ′ to it. In the other half of the cases where the pattern of the 3 ′ base does not display a consistent trend, the height of the 3 ′ base is usually in the average or higher range (>1/3 full scale). Therefore, these windows are rarely problematic in base assignment. It is possible that the peak heights of 3 ′ bases in these combinations might be predictable if larger windows of bases were considered. Further elucidation of trends involving more than a string of 3 bases requires a much larger data set and a more rigorous algorithm, which is currently under development.
Some of the patterns found for Taq-FS sequencing are similar to those identified with the wild-type enzyme (AmpliTaq). In this regard, both DNA polymerases give sequencing traces with some troublesome small peaks and these would be excellent targets to address when developing improvements in the sequencing chemistry, i.e., new mutant enzymes or improved reaction conditions. Unlike the extremely small peaks (usually much less than 1/6 of full scale) found in sequencing traces produced by the wild-type enzyme (such as the T peak following another T, the A peak following another A or the C peak following a G), the small peaks found in sequencing traces generated by Taq-FS are usually between 1/6 to 1/3 of full scale, making it relatively easy to assign the bases accurately. The one exception in sequencing with Taq-FS and dye-labeled terminators is the G peak following an A. Here, the G peaks can be extremely small, with a significant proportion of them at <1/6 of full scale.
The ability to predict the expected peak height in sequencing traces can improve base-calling accuracy and help one to recognize heterozygotes with greater confidence. Furthermore, it is possible to predict which overlapping heterozygous bases will be difficult to recognize because of the potential disparity of peak heights for those windows with reproducible trends (Table 1 and Figure 3 ). Incorporating these trends into base-calling programs will enhance their accuracy and allow for greater automation in the identification of polymorphisms/mutations by DNA sequence analysis.
